The effects on flax of a given concentration of manganese or molybdenum in the nutrient solution were found to depend on the amount and form of nitrogen supplied. The interactions that occurred between either of these two elements on the one hand, and nitrogen source on the other, were highly significant but opposite in effect.
The effects on flax of a given concentration of manganese or molybdenum in the nutrient solution were found to depend on the amount and form of nitrogen supplied. The interactions that occurred between either of these two elements on the one hand, and nitrogen source on the other, were highly significant but opposite in effect.
Thus, with a given excess of manganese, symptoms were most severe in plants grown in solution supplied with nitrogen as nitrate or urea, and were absent in nitrogen-deficient solutions or those supplied with nitrogen as ammonium. In solutions supplied with ammonium nitrate, no manganese toxicity symptoms occurred or these were only slight. A concentration of 50 p.p.m. of manganese in the solution caused a very significant decrease in growth in the presence of nitrate, had no harmful effect on growth in the presence of· ammonium nitrate, and caused a significant increase in growth with ammonium. With urea, the reduction in growth was not as great as with nitrate. The presence of ammonium ions in the solution markedly reduced the manganese concentration in the plants when compared with that of plants receiving nitrate only.
By contrast, at a given excess of molybdenum in the nutrient solution, toxicity symptoms in the test plants were affected by nitrogen source in the following order of decreasing severity: nitrogen deficiency> ammonium> ammonium nitrate> urea> nitrate. In solutions supplied with nitrate, a given concentration of molybdenum was significantly more toxic to growth when applied as ammonium molybdate than as sodium molybdate. In one experiment the addition to the nitrate solution of 10 p.p.m. of molybdenum as sodium molybdate resulted in a significant increase in the dry weight of the plants compared with the controls, even though such plants contained 400 p.p.m. of molybdenum on a dry basis. In the presence of ammonium or urea, no significant differences occurred between the effects of sodium molybdate or ammonium molybdate on plant growth.
In the nitrate nutrient solutions less molybdenum was absorbed by the plants when a given excess of this element was added to the solution as sodium molybdate than when it was added as ammonium molybdate. It is concluded that the toxi~ity to flax of a given concentration of molybdenum in the nutrient solution is increased by the presence of ammonium (NH 4 +) ions.
Where excess of manganese and molybdenum were added together to the nutrient solution, an interaction between the two elements occurred. Thus the severity of manganese-induced iron-deficiency chlorosis and lower leaf necrosis was reduced. However, a golden-yellow chlorosis, not typical of iron-deficiency chlorosis but similar to molybdenum toxicity symptoms, was induced in the " Plant Research Laboratory, Department of Agriculture, Burnley, Vic.
NITROGEN SOURCE AND EXCESS MN OR Mo
plants in the presence of nitrate, ammonium nitrate, or urea, but not where ammonium was the sole source of nitrogen. The manganese-molybdenum interaction was facilitated by the presence of some ammonium ions in the solution. Thus, a given concentration of molybdenum was more effective as ammonium molybdate than as sodium molybdate in reducing the severity of manganese toxicity symptoms. However, the addition to the nitrate solution of ammonium in an amount equivalent to ammonium molybdate had no effect on manganese toxicity symptoms. Excess boron (2 p.p.m.) had no effect on manganese toxicity symptoms.
When grown in nutrient solutions containing nitrate, flax plants affected with manganese toxicity symptoms had a higher nitrate content than normal. Manganese-molybdenum antagonism (i.e. reduction in severity of manganeseinduced iron-deficiency chlorosis and lower leaf necrosis in the presence of excess molybdenum), was associated in this instance with a reduction in the nitrate content of the plants. However, when grown in nutrient solutions containing urea, no nitrate was detected in plants showing severe manganese toxicity symptoms, although, in this instance also, the severity of the leaf necrotic symptoms was reduced by adding molybdenum.
I. INTRODUCTION 451
It has been recognized in the literature that plants growing on substrates containing excessive amounts of manganese will develop a chlorosis identical with that of iron deficiency, and can be cured by supplying additional iron to the plant. Characteristic manganese-induced necrotic symptoms also occur in the older leaves of the plants-'usually the middle leaves first show these symptoms. These excess-manganese symptoms in flax have been described by Millikan (1947 Millikan ( , 1949b . The lower leaf necrosis is unrelated to iron deficiency, as it occurred in flax plants in which the development of symptoms of iron deficiency chlorosis had been prevented by supplying additional iron, grown in nutrient solutions containing excess manganese.
An excess of molybdenum in the substrate may produce a golden-yellow coloured chlorosis, particularly in the older leaves of the flax plant (Millikan 1949b) . This chlorosis is different in colour from that of manganese-induced iron deficiency, and is not prevented by supplyingad<Jitional iron. The water culture experiments described below have been conducted to determine the effects of nitrogen deficiency, or of nitrogen supplied as nitrate, ammonium nitrate, ammonium, or urea respectively, on the toxicity to plants of an excess of manganese or molybdenum, or both, in the nutrient solution.
II. METHOD The nutrient solution containing nitrate used was that of Amon (1938) and included the A4 and B7 solutions of trace elements. In the solutions containing ammonium sulphate, ammonium nitrate, or urea respectively, or the solution deficient in nitrogen, the calcium nitrate of Amon's solution was replaced by calcium sulphate and potassium nitrate by potassium sulphate. The total amount of nitrogen was the same in all solutions containing this element.
In the first three experiments, the pH of the solution was adjusted to pH 4.5 at least once a week, but in subsequent experiments regular bi-weekly adjustments of the pH were made. The iron solution contained 0.5 per cent. ferrous sulphate and 0.4 per cent. tartaric acid, and was added twice at the rate of 0.6 ml. per litre of culture solution during the first week of growth, and thereafter at weekly intervals. The plants were transferred to fresh solutions after approximately three to four weeks.
The actual concentrations of manganese or molybdenum applied to each series of cultures containing the different levels or forms of nitrogen are set out in the various tables below. The manganese was applied as MnS04. 4H20 and the molybdenum as (NH4)6M07024.4H20 (designated as Mo(NH4) ) or Na2Mo04.2H20 (= Mo(Na) ) respectively. Cultures containing 'excesses of both manganese and molybdenum were included. In the first five experiments each treatment was. duplicated, but in the final three experiments, five, six, and ten replications respectively were employed.
The solutions were contained in two-litre pyrex glass beakers painted on the outside with gold size followed by two coats of black paint. The tops for the beakers were made of plaster of paris soaked in hot paraffin wax. The test plants were inserted through conveniently sized and spaced holes drilled through the tops.
The flax was germinated in acid-washed sand and transferred to the water cultures as soon as possible after emergence. In the first three experiments twelve plants were grown per beaker, but this number was reduced to eight in subsequent experiments.
All experiments were conducted out of doors, and have been repeated at different seasons of the year. During the course of the experiments, tests were made on middle leaves of the plants for the presence of nitrates and other oxidizing materials, by the use of 1 per cent. diphenylamine in concentrated sulphuric acid (Thornton, Conner, and Fraser 1939) .
III. RESULTS
In general it was found that, after a few weeks, growth of plants in the control ammonium solutions was much inferior to that of plants in the control nitrate, urea, or ammonium nitrate solutions. Best growth occurred in the last solution. The ammonium solutions became more acid as growth occurred, whereas the nitrate and urea solutions became more alkaline. This phenomenon with respect to nitrate and ammonium has been observed previously by Arnon (1937) .
The following are the detailed results of the various experiments made.
( a) Experiment 1 In the first experiment the effects on flax grown therein of the addition of various levels of manganese to nutrient solutions containing either nitrate or ammonium as the source of nitrogen were studied. The manganese toxicity symptoms that occurred are shown in Table 1.
In the nutrient solutions supplied with nitrate, excess manganese induced severe symptoms of iron~deficiency chlorosis and lower leaf necrosis (see Plate 1, Fig. 1 ) in the plants grown therein. These symptoms were identical with those of manganese toxicity in flax described by Millikan (1949b) and referred to above. However, where ammonium was the source of nitrogen, the same concentrations of manganese in the nutrient solution induced no symptoms in the plants. ( b) Experiment 2 The nitrogen sources studied in the second experiment were nitrate, ammonium nitrate, and ammonium respectively. Excesses of manganese, molybdenum, or both,were added to the solutions containing each nitrogen source. The symptoms that developed in the plants are recorded in Table 2 together with the results of nitrate tests on the plants after three weeks' growth.
This experiment also demonstrated that the effect on flax of a given concentration of manganese in the nutrient solution was dependent on the nitrogen source in that solution (see Plate 1, Fig. 2 ). Whereas severe symptoms occurred in plants grown in the nitrate solution, the same concentrations caused no symptoms in the ammonium solution and only slight symptoms at the highest manganese level in the ammonium nitrate solution after five weeks.
The addition of molybdenum in conjunction with the manganese delayed the appearance of manganese toxicity symptoms in the plants, and also reduced their final severity. A very slight chlorotic interaction effect between the manganese and molybdenum was observed in this experiment in the presence of ammonium· nitrate. This interaction was more marked in subsequent experiments. The occurrence of manganese toxicity symptoms in the plants in the nitrate solutions was associated with a marked increase in the nitrate content of such plants (Plate 2, Fig. 1 ). ( c) Experiment 3 The general design of this experiment was similar to that of Experiment 2 except that the ammonium series was substituted by a nitrogen-deficient treatment. The effect of boron (2 p.p.m.) on the development of manganese toxicity symptoms under each nitrogen treatment was also studied. Schappele (1946) .... has reported that the addition of boron counteracted the chlorosis associated with manganese toxicity in pineapples grown in water cultures. Manganese toxicity symptoms were again found to be markedly influenced by nitrogen source (see Table 3 ). They were absent in the plants subjected to nitrogen deficiency and those receiving ammonium nitrate. By contrast, with nitrate as the source of nitrogen supply, severe symptoms of manganese-induced iron-deficiency chlorosis, and, at the highest manganese level (100 p.p.m.), moderate symptoms of lower leaf necrosis occurred.
By comparison with the plants receiving excess manganese alone, the addition of excess molybdenum to the solutions, in conjunction with excess manganese, delayed the appearance of any symptoms in the plants in the nitrate series, but after 25 days this treatment had induced a marked golden-yellow chlorosis in the plants. This golden-yellow chlorosis was different in colour from iron-deficiency chlorosis and was also not typical of the latter in that it involved all the leaves of the plants, and was most apparent in the tips of the lower leaves (Plate 3, Fig. 2 ). This symptom appeared similar to that of molybdenum toxicity described by Millikan (1949) . The golden-yellow interaction effect between manganese and molybdenum was also apparent to a lesser degree in the ammonium nitrate series, even though the plants in this series which received an excess of manganese or molybdenum alone showed no chlorosis. However, even though the golden-yellow interaction occurred, the addition of molybdenum in conjunction with the highest level of manganese prevented the occurrence of lower leaf necrosis in the plants in the nitrate series.
By contrast, excess boron applied in conjunction with excess manganese had no effect on the development or appearance of manganese toxicity symptoms in the plants so treated.
The design of this experiment was similar to that of Experiment 2, except that a sodium molybdate treatment was added at each manganese level. The results in Table 4 indicate that, in this experiment also, no symptoms of manganese toxicity occurred in the plants receiving an excess of this element in the ammonium or ammonium nitrate series, whereas severe symptoms occurred in the presence of excess manganese where nitrate was the sole source of nitrogen ..
In the nitrate series ammonium molybdate applied in conjunction with excess manganese delayed the appearance of any symptoms, although the golden interaction effect, observed in Experiment 3, finally occurred in the plants. This golden-yellow chlorosis occurred also in the ammonium nitrate series (only at the manganese 100 p.p.m. level) but not in the ammonium series.
By contrast, sodium molybdate was found to be ineffective in delaying the appearance of chlorosis at all manganese levels in the nitrate series. However, the chlorosis had the typical golden-yellow colour of the manganesemolybdenum interaction effect. Both forms of molybdenum prevented the occurrence of lower leaf necrosis. It was observed that, in the nitrate solution, Mn 100 p.p.m. 
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a given concentration of molybdenum was less toxic to the growth of the plants as sodium molybdate than as ammonium molybdate, whereas in the presence of ammonium or ammonium nitrate these two molybdenum sources appeared to be equally toxic. As growth occurred it was found that, in the solution containing ammonium molybdate, the pH tended to remain constant or become more acid, whereas when sodium molybdate was present the solution became more alkaline. It appeared evident that the ammonium content of the ammonium molybdate was the factor causing the above differences in the effects of the two molybdenum sources.
( e) Experiment 5 In view of the differences in the effects of ammonium molybdate and sodium molybdate reported in Experiment 4, a further experiment was made to investigate the effects on flax plants of the addition of an amount of ammonium equivalent to that in ammonium molybdate to nitrate nutrient solutions containing various levels of excess manganese. The ammonium was added with and without sodium molybdate, and two levels of iron supply were included. The symptoms that occurred in the plants are presented in Table 5 .
In this experiment ammonium molybdate at the highest concentration used (20 p.p.m. ), when added to the solution in conjunction with excess manganese, caused a marked reduction in manganese toxicity symptoms of chlorosis and lower leaf necrosis. By contrast, an equivalent concentration of ammonium as ammonium sulphate added with excess manganese had no effect on the severity of such symptoms. However, when applied with sodium molybdate, ammonium caused a reduction in lower leaf necrosis at the lowest excess manganese level only.
The golden-yellow interaction effect recorded in previous experiments was most marked in the presence of excess manganese and sodium molybdate, whereas excess manganese alone induced typical iron-deficiency chlorosis and excess sodium molybdate alone produced no chlorosis. Except at the lower excess manganese levels, sodium molybdate had no effect on the severity of manganese-induced lower leaf necrosis.
Twice the normal iron supply caused a reduction in the severity of typical iron-deficiency chlorosis except at the 100 p.p.m. Mn level, but had no effect on lower leaf necrosis. Increase in iron level had no consistent effect on the golden-yellow chlorosis.
The results of the tests for nitrate indicated that manganese-induced irondeficiency chlorosis and the golden-yellow interaction effect were both associated with an increased nitrate content in the plant, whereas the prevention of chlorosis in the presence of ammonium molybdate was associated with the complete absence of nitrate. As in Experiment 4, it was again observed that a given concentration of molybdenum was much less toxic to growth in the nitrate solution as sodium molybdate than as ammonium molybdate (see Plate 2, Fig. 2 t See footnotes to Table 4 .
(f) Experiment 6 The previous experiments had shown that a marked interaction existed between the nitrogen source in the nutrient solution and the effects on the flax plants of the audition of an excess of manganese to that solution. Indications were also obtained of the existence of a reverse interaction between nitrogen source and molybdenum. An experiment was therefore conducted to obtain quantitative data on the relative effects of applications of manganese or molybdenum, or both, to solutions containing different sources of nitrogen on the growth (dry weight) of the plants. The molybdenum and manganese contents of the plants were also determined. Four nitrogen sources, namely nitrate, ammonium nitrate, ammonium, and urea, were included in the experiment and each treatment was replicated five times.
The results of this experiment are presented in Tables 6, 7 ; and 8. The symptom picture ( Table 6 ) conformed with that of previous experiments. Manganese toxicity symptoms were severe in the nitrate, slight in the ammonium nitrate, and absent in the ammonium solutions respectively. With urea as the nitrogen source the severity of manganese toxicity symptoms was comparable with that in the nitrate series. The golden-yellow interaction effect between manganese and molybdenum occurred in the nitrate, ammonium nitrate,and urea series, but not in the ammonium series. However, no manganese-induced lower leaf necrosis occurred in any of the plants showing this interaction effect. A similar golden-yellow chlorosis occurred to a slight degree in the presence of molybdenum alone in the presence of the nitrogen sources nitrate, ammonium, and urea respectively.
Nitrate tests showed a slight increase in the presence of manganese in the nitrate series and a reduction in the presence of molybdenum. The only nitrate detected in the remaining plants in the experiment was a very slight reaction in the ammonium nitrate series where manganese and molybdenum were supplied jointly, and where the golden-yellow chlorosis occurred.
A statistical examination of the growth (dry weight) data of the plants shown in Table 7 showed that highly significant interactions occurred between nitrogen source and manganese or molybdenum treatment. Manganese was most toxic to growth in the nitrate solution and significantly less toxic in the presence of urea as the nitrogen source. No toxic effect occurred in either the ammonium nitrate or ammonium solutions -in fact, top growth was actually increased, but not Significantly so, by the addition of 50 p.p.m. of manganese, and root growth was significantly increased by this treatment in the ammonium nitrate solution.
The highly significant interaction between molybdenum and nitrogen sources was the reverse of that which occurred with manganese. Thus the arrangement of the nitrogen sources in order of increasing molybdenum toxicity was nitrate < urea < ammonium nitrate < ammonium.
Molybdenum as ammonium molybdate was very significantly more toxic than as sodium molybdate to growth in the nitrate series, and to a less, though significant, degree in the ammonium nitrate series, but no significant difference in toxicity in the ammonium and urea series occurred between these two molybdenum sources (see Plate 3, Fig. 1 ). This result confirmed the observations previously made in Experiments 4 and 5. It is apparent that the presence of ammonium (NH4 +) ions markedly increases the toxicity of molybdenum to flax. In the Table 4 . ab~ence of such ions (i.e. sodium molybdate added to the nitrate solution) a concentration of 10 p.p.m. of molybdenum in the nutrient solution actually produced a highly significant increase in top growth and an increase in root growth which was just not significant at the 5 per cent. level.
The results in Table 8 show that the manganese concentration was much greater in the plants grown in the presence of nitrate than in plants receiving ammonium nitrate, ammonium, or urea as the nitrogen source. A comparison of Tables 6, 7, and 8 shows that manganese concentration alone does not determine whether the plants manifest necrotic leaf symptoms or any reduction in growth. Thus in the ammonium nitrate and ammonium series, the marked increase in manganese contents compared with the control, resulting from the The suppression of such symptoms in these instances was evidently due to the concomitant high molybdenum concentration in the plants concerned. The marked golden-yellow chlorosis which occurred in the plants grown in the solutions containing excesses of manganese and molybdenum was due to some interaction resulting from the high concentrations of these two elements in the plant. However, no golden-yellow interaction occurred in plants containing high concentrations of manganese and molybdeum in the ammonium series.
In the presence of nitrate, plants receiving ammonium molybdate had a much higher molybdenum concentration than plants receiving the same amount of molybdenum as sodium molybdate. In the presence of the other nitrogen sources these two forms of molybdenum had the same effects on the molybdenum content of the plants. It is of importance to record that, in the nitrate series, a concentration of 400 p.p.m. of molybdenum in plants receiving sodium molybdate was accompanied by a significant increase in growth. Where ammonium (NH4 +) ions were present in the nutrient solution a similar concentration of molybdenum in the plant was accompanied by a significant reduction in dry weight.
(g) Experiment 7
A further experiment was made to obtain additional data on the relative effects on plant growth of applications. of manganese or molybdenum (as sodium molybdate) to nutrient solutions containing nitrate or ammonium respectively as the source of nitrogen. Each treatment was replicated 15 times. Six replicates were harvested after three weeks' growth and the remaining nine replicates after five weeks. The dry weights of the plants after these two periods are presented in Table 9 .
Manganese-induced iron-deficiency chlorosis and lower leaf necrosis occurred only in the nitrate series. No chlorotic or necrotic symptoms occurred in any of the other plants in the experiment. In this experiment also, highly significant and opposite interactions occurred between nitrogen source (nitrate or ammonium) on the one hand and high levels of manganese or molybdenum on the other.
A statistical analysis of the combined data from the two water culture Experiments 6 and 7 is presented in Table 10 . It was found that the effect of nitrogen source was greater after five weeks' growth than after three weeks, and also that the effect was greater in Experiment 7 than Experiment 6. Apart from this effect, interactions with experiments were not significant, thus enabling a direct comparison of means throughout the three sets of data.
In addition to confirming the significant interactions between nitrogen source and manganese or molybdenum, the important feature rllvealed by this analysis is that the increased growth of both tops and roots which resulted from the addition of 50 p.p.m. of manganese to the ammonium solution was highly significant.
IV. DISCUSSION The ammonium and nitrate nutrition of plants have been the subject of considerable attention by various workers. Arnon (1937) noted important differences in the nutrition of barley plants grown in solutions supplied with either ammonium or nitrate as the sole source of nitrogen. Growth of the ammonium plants was affected favourably and extensively by forced aeration or by the addition of small amounts of certain trace elements, including molybdenum and manganese. In the present experiments, growth of the flax plants in the ammonium solution was inferior to that in the other nitrogen sources. Best growth was obtained with ammonium nitrate. With peas, Mulder (1948a) demonstrated that the poor growth obtained with ammonium at relatively high hydrogen ion concentrations was due to injury by ammonium, which accumulated owing to an inadequate assimilation of this compound in the leaf tissues. An extremely high ammonium concentration was also found by Evans and \Veeks (1948) in tobacco plants grown in an ammonium solution. When plants were grown in a solution containing ammonium salts as the sole source of nitrogen, Jones and Shive (1921) and Arnon (1937) observed that the reaction of the culture medium rapidly became more acid, whereas with a nitrate solution, the reaction tended to become more alkaline. These findings have been confirmed in the present experiments.
It has been further shown (Arnon 1939; Friedrichsen 1944; Sideris and Young 1949 ) that nitrate plants have a greater absorptive power formanganese than plants grown in an ammonium solution. This result is confirmed by the results presented in the present paper. Previous work by Willis and Piland (1936) who grew cotton plants in solutions containing nitrogen in the form of nitrate or ammonium respectively, showed that the addition of mariganese, zinc, or copper during early growth caused iron-deficiency chlorosis in both types of solution. However, in a second experiment in which the addition of the heavy metals was delayed, the chlorosis occurred only in the plants growing in the nitrate solution. This latter result with respect to manganese is supported by the experiments described above. These experiments have also demonstrated that a concentration of manganese (50 p.p.m.) that was very toxic to growth in a nitrate solution produced a highly significant increase in growth in an ammonium solution even though with this latter nitrogen source the manganese concentration of the plants was very markedly increased when compared with the controls, although not as much as in the nitrate plants. This result gives support to the hypothesis suggested by Hewitt, Jones, and Williams (1949) that manganese is not required for nitrate reduction, but may be required at a later stage in nitrogen metabolism. In the presence of urea, which is absorbed by the plant unchanged (McKee 1949) , the same concentration of manganese (50 p.p.m.) had a toxic effect on the plants. The severity of the induced chlorosis and necrosis was comparable with that of the nitrate plants, even though the manganese concentration in the former plants was only half that of the nitrate plants. It would appear that manganese is at least not required for the metabolism of urea to the same degree as it is for ammonium.
In nutrient solutions containing nonnal amounts of heavy metals, the fonn of nitrogen supplied to the plant has an effect on the utilization of iron. Leukel and Franch (1941) found that bahia grass utilized iron better when grown in an ammonium solution than in a nitrate solution,· while Asana (1945) obtained inconclusive evidence that less iron was required by rice plants grown in an ammonium solution than in a nitrate solution. Previously Jones and Shive (1921) and Kapp (1934) had demonstrated, for wheat and rice respectively, that the toxic effect of iron in the solution was greater in the presence of ammonium than of nitrate. Similarly Young (1946, 1949) , in work with pineapples, showed that nitrate plants contained more total iron than the ammonium plants. However, there was an important difference in the distribution of the iron in the plant, in that a much greater percentage was localized in the roots of the nitrate plants compared with the ammonium plants. In tobacco, however, Evans and Weeks (1948) found a higher iron content in plants grown in an ammonium culture than in a nitrate culture.
These reported effects of nitrogen source on the iron utilization of the plant have an important bearing on the effects of applications of heavy metals (including manganese) and of molybdenum. It has been reported by many workers, whose results have been largely summarized by Millikan (1947) and Hewitt (1948) , than an excess of manganese, zinc, copper, cobalt, nickel, chromium, or lead in the nutrient substrate will induce iron-deficiency chlorosis in plants.
The results presented in this paper show that, with manganese at least, this effect of an excess of a heavy metal is related to the nitrate and urea nutrition of the plant, but not with ammonium nutrition. Attention has been directed by Arnon (1937) to computations by Myerhof, which indicate that nitrate is a very effective oxidizing agent in the plant. In the presence of a catalyst, such as an excess of manganese, it is possible that nitrate oxidizes the physiologically available ferrous iron to the physiologically unavailable ferric state, thus producing iron-deficiency symptoms in the plant. Sideris and Young (1949) suggest that the development of manganese-induced iron-deficiency chlorosis is due to the biochemical antagonism of homologous substances, whereby manganese is substituted for iron in protoporphyrin 9, the chlorophyll precursor, thereby inactivating the latter for subsequent conversion to chlorophyll. Tests with 1 per cent. diphenylamine in concentrated sulphuric acid have confirmed that plants supplied with nitrate and showing manganeseinduced iron-deficiency chlorosis and lower leaf necrosis have a higher content of nitrate or other oxidizing materials than nonnal. However, no nitrate was detected in plants supplied with urea in which manganese-induced irondeficiency chlorosis also occurred. Bennett (1945) has found that iron deficiencv in plants is associated with a marked increase in soluble nitrogen in the tissue~, although total nitrogen may be the same as that of normal plants. It is of interest to note here that manganese-deficient plants give a marked reaction to the diphenylamine test (Leeper 1941 ).
In addition to the effect on the severity of manganese-induced iron-deficiency chlorosis, and on growth, it is important to note that nitrogen source had a similar effect on manganese-induced lower leaf necrosis which is unrelated to the iron status of the plant (Millikan 1947; Hewitt 1948) , i.e. manganeseinduced lower leaf necrosis occurred in plants grown in nitrate and urea nutrient solutions, but was absent in those grown in ammonium-or nitrogen-deficient solutions.
With molybdenum, the evidence now accumulating in the literature indicates that an essential function of this element in plant life is that of catalysing the reduction of nitrate to ammonia. This work has been reviewed by Nicholas (1947), Mulder (1948) , Wilson and Waring (1948) , and Stout and Meagher (1948) . It has been demonstrated that, in molybdenumdeficient plants, there is a marked accumulation of nitrate, but a reduction in protein nitrogen and soluble organic nitrogen compounds. This high nitrate content of molybdenum-deficient plants is rapidly red"ll;ced following small applications of molybdenum to the substrate (Wilson and Waring 1948; Stout and Meagher 1948; Wilson 1949) . Mulder (1948) has further shown that tomato plants supplied with ammonium nitrogen, but no molybdenum, contained even higher amounts of organic nitrogen in the leaves and stems than plants supplied with nitrate plus molybdenum. He thus demonstrated that the molybdenum requirement of the plants was less in an ammonium solution than a nitrate solution. Previously Steinberg (1937 Steinberg ( , 1939 had come to the same conclusion in his work on the molybdenum requirement of Aspergillus niger. However, Vanselow and Datta ( 1949) found that deficiency symptoms developed in citrus in the absence of molybdenum, even when the plants were supplied with adequate nitrogen in the form of ammonium salts. The above findings with respect to the effect of nitrogen source on the molybdenum requirement of plants are supported by the results of water culture experiments presented in this paper.
It is shown that, in the absence of ammonium (NH4 +) ions, the molybdenum tolerance of the flax plant may be surprisingly high, in view of the very small amount (0.01 p.p.m.) shown to be required for normal growth of plants ) (Arnon and Stout 1939) . In the presence of nitrate only, a concentration of 400 p.p.m. of molybdenum in the plants was actually accompanied by a significant increase in growth in one experiment, whereas when ammo,nium (NH4 +) ions were present in the nutrient solution a similar concentration of molybdenum in the plants was accompanied by a significant reduction in growth. Stout and Meagher (1948) have observed that there is a phosphate-molybdenum interrelationship in the plant. Thus the amounts of molybdenum translocated from the roots to the upper parts of the plant are strongly influenced by phosphate concentration. This interrelationship may be important in consideration of the present experiments. It has been stated, for example, by Dikusar (1934) that the phosphate content of plants is greater in the presence of ammonium than of nitrate. Evans and Weeks (1948) also found a higher phosphorus content in tobacco plants grown in ammonium cultures than in nitrate cultures.
These relationships in the plant between nitrogen source on the one hand and the manganese or molybdenum requirements on the other may provide an explanation for the manganese-molybdenum antagonism (i.e. the reduction in the severity of manganese-induced iron-deficiency chlorosis and lower leaf necrosis in the presence of excess molybdenum) reported by Millikan (1947 Millikan ( , 1948 Millikan ( , 1949a and observed in the above experiments. Thus the nitrate which accumulates in the presence· of excess manganese may oxidize ferrous iron to the ferric state, thereby inducing symptoms of iron deficiency, unless adequate molybdenum is available to ensure its reduction to organic nitrogen. There is evidence, however, that the presence of some ammonium ions facilitates the occurrence of this antagonistic phenomenon between manganese and molybdenum. Diphenylamine tests on plants grown in nitrate solutions in these experiments have confirmed that the existence of manganese-molybdenum antagonism is associated in this instance with the disappearance of nitrate accumulations in the plant.
However, further work on this antagonism is required. Thus, with urea as the source of nitrogen, excess manganese induced severe lower leaf necrosis in the plants, but when molybdenum was present the same excess of manganese caused no necrosis, even though the manganese concentrations in the two sets of plants were similar. In neither of these instances was nitrate detected in the plants.
It has also been shown that combined excesses of manganese and molybdenum induced a golden-yellow chlorosis of the leaves of flax in the presence of nitrate and urea, but not with ammonium. This symptom appears to be identical with that of severe molybdenum toxicity (Warington 1937 (Warington , 1946 Millikan 1949b) . It is not a symptom of iron deficiency and is not prevented by adding extra iron to the solution. All the factors inflllencing the occurrence of this golden-yellow interaction between manganese and molybdenum in the plant are not known. In some experiments conducted by the author the plants grown in the presence of a combined excess of these two elements have become golden-yellow in colour within three to four days, whereas in other experiments this same treatment has not induced the golden-yellow colour in the plants for several weeks. An increase in the molybdenum level in the solution may also reduce this golden-yellow chlorosis. In this regard Brenchley (1948) has observed that in certain soils this characteristic golden colour of the leaves of flax produced by applications of sodium molybdate was intensified by concurrent applications of manganese sulphate. She concludes, from the variable results obtained, that further investigation is required to elucidate the factors which determine the relative toxicity of molybdenum to plant growth. On the other hand, Hewitt (1949) in tests with sugar beet in sand cultures, has found that the addition of extra molybdenum to the culture induced a striking increase in the severity of manganese chlorosis.
The relative concentrations of amino acids in cauliflowers have been shown by Hewitt, Jones, and Williams (1949) to be dependent on the interaction of manganese and molybdenum. An increase in molybdenum level, particularly under conditions of manganese deficiency, was paralleled by an increase in amino acid concentration, whereas an increase in manganese level, particularly in the presence of a high level of molybdenum, was associated with a reduction in amino acid concentration.
It has been shown by Millikan (1948 Millikan ( , 1949a . that flax plants affected with lower leaf scorch, which respond to small l"!Pplications of molybdenum under field conditions in Victoria, actually have a higher manganese concentration, and a higher Mn/Mo ratio than normal. Unpublished data of the author have also demonstrated that affected plants give a much mon;) marked reaction to the diphenylamine test than normal plants, indicating an accumulation of nitrate in the former. Similarly Parbery (1937) found more manganese in cauliflowers grown in soil liable to "whip tail" than in plants grown in "healthy" soil. Chemical data obtained by Hewitt, Jones, and Nicholas (1947) also indicate that molybdenum deficiency symptoms of "whiptail" may possibly be induced by excess of manganese. Bean "scald," which is also associated with an excess of manganese in the affected plants when grown in highly acid soils high in available manganese (Parbery 1943) , has been recently shown to be prevented by molybdenum (Wilson 1949) . Cauliflower plants affected by "whiptail" (Hewitt, Jones, and Nicholas 1947; Wilson and Waring 1948) and bean plants affected by "scald" (Wilson 1949 ) are also high in nitrate.
Experience in Victoria has shown that whereas lower leaf scorch of flax may occur in the first crop grown on highly acid, newly ploughed, clover-grass lea ground, a second crop on the same area in the next season may be quite free of the disorder (Millikan 1948 (Millikan , 1949a . From the results reported in. this paper it appears likely that a factor conducive to the disorder in the first crop would be a high nitrate content in the clover-lea ground, combined with the observed high manganese content. A similar explanation probably can be given for the reported effects of applications of sulphate of ammonia in increasing manganese toxicity or molybdenum deficiency symptoms in plants, the literature on which has been reviewed in part by Millikan (1948 Millikan ( , 1949a . This relationship between sulphate of ammonia applications and molybdenum response is no doubt largely attributable to the rapid conversion of sulphate of ammonia to nitrate in the soil and its absorption by the plant as such. Recently Anderson and Spencer (1949) have reported that, in their experiments with non-legumes, responses to applications of molybdenum were obtained only by treatment with manganese sulphate in addition to sulphate of ammonia or nitric acid.
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